The Relation of Serum Parathyroid Hormone to Serum Calcium and Magnesium Levels McLean & Hastings (1935) were the first to postulate that the concentration of serum calcium might act by a negative feed-back mechanism in controlling the rate of secretion of parathyroid hormone. Later studies by Copp & Davidsono (1961) showed that perfusion of the parathyroid glands with hypocalcwmic blood causes systemic hypercalcwmia, presumably due to an increased secretion of parathyroid hormone. The development of a radioimmunoassay for parathyroid hormone by Berson et al. (1963) has enabled the concentration of hormone circulating in the blood to be measured, so that greater insight can be gained into the degree and rate of change in hormone secretion by the parathyroid glands in response to alterations in serum calcium and other cations.
The techniques of radioimmunoassay of parathyroid hormone are described elsewhere (Buckle 1969a , and use highly purified bovine parathyroid hormone for iodination and as standard, and antibody to bovine parathyroid hormone produced in guineapigs. Reproducibility of the extraction and purification techniques employed for bovine parathyroid hormone are shown in Fig 1. These two preparations of parathyroid hormone were extracted and purified at an interval of a year. Complete identity of the two B/F curves can be seen. Pre-incubation and the use of minimal quantities of labelled hormone increase the sensitivity of the assay; by such means, as little as 20-30 pg parathyroid hormone per ml incubate may be detected.
Experimentally, it has been shown that acute falls in serum calcium induced by infusions of EDTA in cows, cause a fiveor six-fold increase in the concentration of parathyroid hormone in the blood (Ramberg et al. 1967 ). Maintenance of a constant level of calcium by simultaneous infusion during the injection of EDTA prevents any change in the concentration of parathyroid hormone.
Reciprocal variations in parathyroid hormone concentration in the blood may also be demonstrated in relation to spontaneously occurring fluctuations that may occur in serum calcium (Buckle, Sherwood, Potts, Aurbach, Mayer, Progressive falls in serum calcium were accompanied by increases in the concentration of parathyroid hormone. Moreover, intrauterine infusions of EDTA in sheep foetuses have recently been found to be associated with a rise in parathyroid hormone in the foetal blood in the absence of any alteration in serum calcium or parathyroid hormone in the mother (Buckle, Smith & Alexander 1970, in preparation Ce tion of hormone in the blood . Pie, Sherwood, that paresis occurred and necessitated treatment Kronfeld 1968, with calcium. The acute rise in calcium following the injection was associated with a profound and sudden fall in the concentration of parathyroid Fig 2 shows the hormone in the circulating blood. The effect of m occurring in a the calcium injection would not seem to be due to I associated with any toxic effect of the hypercalcaemia on the nges in the con-parathyroid glands, for when parturient hypocalhyroid hormone. coamia is corrected by inflation of the udders n a rise in the (which causes an acute inhibition of milk secretion hormone in the and thereby a sudden decrease in the loss of alc,emia developcalcium into the milk) the concentration of ficiency states in parathyioid hormone similarly fell as the serum published obsercalcium returned to normal (Mayer et al. 1969 Both superiorparathyroidglands were removed at the start ofthe experiment. Bloodflow through the isolated thyroid lobe and inferior parathyroidgland was maintained constant during the perfusion. The effects are shown ofchanges inplasma magnesium concentration in theperfusing blood on the concentration ofPTH in the venous effluent blood draining the gland. Theplasma concentration in the venous effluent ofionized calcium variedfrom 5 0 to 5-2 mg/100 ml during the period ofhypomagnesamic perfusion. (Reproducedfrom Buckle, Care, Cooper & Gitelman 1968, by kindpermission) No hormonal trophic factors are known to be concerned in regulating the secretory activity of the parathyroid glands, neither are any specific nervous pathways involved. Transplanted parathyroid tissue in animals is capable of maintaining the serum calcium at normal levels. Moreover, in man secondary metastases in the lung from a parathyroid carcinoma (which would be without any special nervous innervation) have been shown directly to secrete parathyroid hormone by the demonstration of a veno-arterial difference in the concentration of hormone across the tumnour (Zisman et al. 1968 ).
The effect of calcium on the secretion rate of parathyroid hormone is a direct one and depends on its concentration in the blood supplying the glands. Fig 4 shows the results of direct perfusion studies on the parathyroid glands left in situ in a sheep. Alterations in the concentration of calcium in the perfusate were associated with reciprocal changes in the concentration of hormone in the effluent blood from the glands. The ionic concentration of calcium appears to be the major factor influencing the secretion rate of parathyroid hormone. Phosphate has no direct effect per se on the secretion of hormone ). Infusions of phosphate only affect parathyroid hormone secretion secondarily by virtue of their action in causing the serum calcium to fall. If the serum calciu. be maintained constant by a simultaneous calcium infusion during the administration of phosphate, no alteration occurs in parathyroid hormone in the blood. Preliminary studies suggest that in dietary deprivation in calves a rise in serum parathyroid hormone may follow a fall in serum magnesium (Buckle & Smith, unpublished observations) . The effects of magnesium have been further studied by direct perfusion of the parathyroid glands in situ (Buckle, Care, Cooper & Gitelman 1968 ). The concentration of ionized magnesium was found to have a direct effect on the secretion rate of hormone by the gland. Elevation of magnesium in the perfusate resulted in a fall in parathyroid hormone in the effluent blood from the gland, whilst a fall in magnesium resulted in a rise in hormone. Fig 5 shows these effects, in the absence of any significant alteration in serum calcium. Serum calcium and magnesium concentrations usually alter together in the same direction, so that the effects of alterations in the concentrations of the two ions will be additive; the present studies suggest that the concentration of magnesium per se may directly and inversely affect the secretion rate of parathyroid hormone by the glands.
The concentration of hormone in the parathyroid glands is very low. In cows it is approximately 0 004% of the fresh gland ). In man the concentration of hormone (expressed as its bovine equivalent) has been found to vary between 43-57 ,ug/g wet weight of adenoma (Buckle 1969b ) and as little as 13 ,ug/g wet weight of parathooid carcinoma (Zisman et al. 1968 ).
The lack of preformed hormone suggests that alterations in secretion rate may depend to a large extent on changes in the rate of synthesis of hormone in the glands, and this is supported by indirect evidence based on the rate of incorporation of labelled amino acids into presumptive hormone in tissue culture (Raisz et al. 1965) . The rapid fall in the concentration of parathyroid hormone in the blood following an injection of calcium is shown in Fig 3; the concentration falling from 15 to 1 ng/ml within 40 min, suggesting a half-life of approximately 10 min. Other studies suggest that in cows the half-life of exogenously administered or endogenously secreted hormone varies between 10 and 25 min (Melick et al. 1965 or in man between 11 and 29 min, with a mean of 20 min (Buckle 1969b ). On the basis of the circulating concentration of hormone, its mean half-life and a distribution throughout the extracellular fluid, calculations suggest a secretion rate of hormone of 5-21 ng/kg body weight per min in cows ) and 9-37 ng/kg per min in man (Buckle 1969b) , and these estimates are similar to those based on the quantity of exogenous hormone that it is necessary to give to parathyroidectomized animals to maintain a normal serum calcium. A complete resynthesis of hormone in the glands will be necessary 2-15 times every hour to supply these requirements. The high synthetic capability of the glands will therefore enable them to respond extremely rapidly to alterations in serum calcium. The calcium infusion studies in the parturient cows have shown the extreme rapidity with which the secretion of hormone is reduced, whilst perfusion studies of the parathyroid glands in situ further demonstrate the speed of response of the glands. Fig 6 shows that secretion of hormone is stimtulated within 5-10 min of reducing the calcium concentration of the perftising blood, and similarly there is a very rapid reduction in secretion rate following elevation of the calcium. Moreover, a similarly rapid response in secretion rate has also been demonstrated in response to alterations in magnesium (Buckle, Care, Cooper & Gitelman 1968) .
In studies in animals, parathyroid hormone can be detected in the circulating blood irrespective of the serum calcium concentration ). It appears, therefore, that there is a continuous secretion of hormone. In acutely induced hypocalcemia in nonparturient cows it has been shown that there is a linear inverse correlation between parathyroid hormone concentration and serum calcium over the range of calcium 4-12 mg/100 ml (Ramberg et al. 1967 ). There is therefore a proportional control of secretion of hormone by the serum calcium concentration. Moreover, the slope of the regression line can be used as an index of the degree of functional activity of the glands. Marked variations in functional activity of the parathyroid glands may be demonstrated. Under varying conditions of adaptation higher concentrations of hormone may be detected in the blood for any given concentration of serum calcium. Fig 7 compares the levels of parathyroid hormone in parturient cows developing spontaneous hypocalcwemia with those in nonparturient cows made correspondingly acutely hypocalcemic by an infusion of EDTA. Despite similar falls in calcium, the levels of hormone in the parturient cows were 7 times greater than those in nonparturient. Adaptative increased activity of the glands has been shown also in nutritionally deficient cows developing secondary hyperparathyroidism due to calcium depletion and hypocalcaemia. Yet despite this adaptative increase in The ordinate represents the theoretical maximum concentration ofPTH in the bloodfor a serum calcium of0 and is obtained by extrapolation ofthe regression line. The slope ofthe regression lines gives expression ofthe individual degrees ofincreased activity ofthe parathyroidglands in the different animals activity, the glands remain responsive to calcium. In any individual animal there still remains proportionality of control and a linear inverse correlation can be demonstrated between parathyroid hormone concentration and serum calcium . Fig 8 shows the regression lines for parathyroid hormone in relation to serum calcium for several animals showing marked variations in the degree of adaptative increase in' secretory activity. This pattern of proportional control of secretion appears to be established in early foetal development, for a linear inverse proportionality has been established between parathyroid hormone and serum calcium in sheep foetuses made acutely hypocalcemic (Buckle, Smith & Alexander 1970, in preparation) .
The parathyroid glands may be 'set' at different levels under differing conditions of adaptation, yet under all circumstances so far investigated a linear inverse correlation has been demonstrable between parathyroid hormone concentration and serum calcium (Buckle, Potts, Aurbach & Mayer 1970) . Moreover, the index of correlation is high, suggesting that the serum calcium concentration is the dominant and most important factor controlling the rate of secretion of parathyroid hormone.
